Int. J. Therm. Sci. (2001) 40, 165-172

0 2001 Editions scientifiques et médicales Elsevier SAS. All rights reserved

S$1290-0729(00)01205-9/FLA

Thermodynamic analysis of a heat-driven metal hydride
cogeneration cycle

Thomas M. Ortiz?, Eckhard A. Groll2*, Brad A. Meyer®
@ School of Mechanical Engineering, Purdue University, 1077 Ray W. Herrick Laboratories, West Lafayette, IN 47907-1077, USA
b Engineering Sciences and Applications Division, Los Alamos National Laboratory, P.O. Box 1663, MS G780, Los Alamos, NM 87545, USA

(Received 17 December 1999, accepted 17 April 2000)

Abstract — A heat-driven metal hydride cogeneration cycle has been analyzed using classical first and second law analysis as well as
finite-time thermodynamics. Second law analysis introduces important limitations on operating conditions not previously mentioned in
the literature. The system being investigated is based on a cycle developed at Brookhaven National Laboratory. Predicted performance
is compared to data from two other hydride power systems, HYCSOS (developed at Argonne National Laboratory) and a system
developed by Bomin Solar, GmbH. Power generated per kg of hydridable alloy was highest for the present cycle (0.11 kW-kg~1) while
useful heat or cold rates were highest for the HYCSOS cycle (0.30 kW-kg™?!) and the system developed by Bomin Solar (0.30 kW-kg™2).
Fuel-use efficiencies were highest for the present cycle (0.23), while second law efficiencies were highest for HYCSOS (0.60). Power
and efficiency diagrams based on the finite temperature difference between the hydride bed and external heat transfer fluid are also

presented. 0 2001 Editions scientifiques et médicales Elsevier SAS
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Nomenclature
A AR . m?
A, B, C labelsfor hydride beds
c concentration of hydrogen (moles of H

per mole of aloy)
v specific heat at constant volume . . . kJkg~1.K™1
cp specific heat at constant pressure kdkg~1.K1
D argument of exponential function

developed for readability
h enthalpy of hydrogengas. . . . . . . kJkg~1
AH heat of reaction for hydride formation kJ-kg—1
i irreversibility . .. ... ....... kJ-kg—1
m MESS .« v v e e kg
p pressure . ... kPa
PMH  porous metalic hydride
0 heattransfer . . . . ... ....... kJ
rp—h  Ppower-to-heat retio for hydride

cogeneration cycle
s entropy of hydrogengas . . . ... . kJkg—1.K—1

* Correspondence and reprints.
E-mail addresses: ortizt@ecn.purdue.edu (T.M. Ortiz),
groll@ecn.purdue.edu (E.A. Groll).

AS entropy of reaction for hydride

formation . .. ............ kdkg~1.K-1
AT difference between reservoir and

working fluid temperatures. . . . . . K
t time . ........ .. .. .. ... s
T temperature . . . ... ... ... .. K
U overal| heat transfer coefficient kw-m—2.K 1
u internal energy of hydrogen gas . . . kJ-kg—1
w workoutput . . . ... ... kJ
Greek symbols
o stoichiometric coefficient of hydrogen

gas
y ratio of ideal gas specific heats
£f fuel-use efficiency
&2 second law efficiency
o entropy generation . . ... ..... kJkg~1.K1
Subscripts
0 start of desorption process, end of

isosteric heating process
1 end of desorption process, inlet of heat

exchanger
2 outlet of heat exchanger
3 turbineinlet
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turbine outlet, inlet of heat exchanger
outlet of heat exchanger

start of absorption process

end of absorption process, start of
isosteric heating process

ambient environmental conditions

cycle refersto entirecycle

H hydrogen

m unhydrided metal or alloy

hyd hydrided metal or alloy

source externa high temperature heat source
space  condition of heated or cooled space

~NOo o b~

1. INTRODUCTION

Metal hydride energy utilization systems have been
studied extensively since the mid-1970s [1, 2]. Cogen-
eration systems were investigated at Brookhaven and Ar-
gonne National Laboratoriesin the US (the latter under
the auspices of the HY CSOS project) and more recently
by Bomin Solar, GmbH in Germany. However, recent in-
terest has focused on heat pump and refrigeration sys-
tems. The hydride power and cogeneration system lit-
erature appears to be confined to first-law analyses and
performance estimates are made with respect to an ideal
(Carnot) cycle. It istheaim of this paper to perform clas-
sical first and second law analyses of a hydride cogener-
ation cycle with hydrogen gas as the working fluid and
then to calculate power and heat rates as well asfirst and
second law efficiencies as functions of finite temperature
differences across which the heat transferswill occur.

Terry and Schoeppel [3] patented a design for heat-
driven metal hydride cogeneration systems at Brook-
haven National Laboratory. Their application was a bot-
toming cycle using waste heat from a conventional nu-
clear or fossil-fuel power plant. A similar system was
analyzed on a first law basis by Powell et al. [4]. The
HY CSOS and Bomin Solar systems used solar collec-
tors to provide the driving heat for the cycle. The HY C-
SOS system, as presented by Gruen et al. [5], was pro-
posed as an off-peak energy storage system in conjunc-
tion with conventional power sources and is very similar
to the Brookhaven cycle. The Bomin Solar system was
designed for use by small rural communities without ac-
cessto apower grid [6].

In HY CSOS and the present cycle hydrogen gasis a
working fluid which traverses what is essentialy an air-
standard Brayton cycle. The principal difference between
the present cycle and HY CSOS is that the latter does not
make use of heat exchangersfor precooling the expansion
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Figure 1. Simplified flow diagram for HYCSOS system.
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Figure 2. Flow diagrams for Bomin Solar system: (A) daytime
operation, (B) nighttime operation.

gas or internal regeneration (see figure 1). The system
of Powell et al. [4] does include precooling as well as
a heat exchanger to preheat the turbine exhaust before
absorption. In HYCSOS process heat is generated by
operating the absorption stage at a higher temperature
than the ambient [5].

The Bomin Solar system utilizes a Stirling engine
to generate electricity. During the daytime, insolation
provides driving heat for the Stirling engine as well as
heat to desorb gas from a hydride bed (see figure 2).
The gasis reabsorbed into a second bed, which becomes
a store of therma energy. Process heat may aso be
removed at this stage. At night or during periods of
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low insolation this thermal store is desorbed by opening
the valve between it and the other (empty) bed. The
corresponding heat of absorption drives the Stirling
engine under these conditions, providing a continuous
power source.

Ikeda et a. [7] presented a power cycle in which the
heat generated by absorption of hydrogen by a metal is
used to boil water and thereby drive a steam turbine.
In this fashion, the hydride beds are analogous to the
fuel rodsin anuclear power plant. Process heat could be
generated by bleeding steam from the turbine exhaust.
This system could be represented by the Rankine cycle
with the hydride integral to the boiler.

Metal and hydrogen can bond in two ways. The
elements can form a solution or they can form a stable
stoichiometric compound (hydride). The formation of
hydrideishighly exothermic and nearly reversible[8]. By
adding heat to a hydride bed the gas can be desorbed at
high pressures. This chemical pumping action alleviates
the need for a mechanical compressor.

The generic hydride formation reaction is shown in
equation (1):

M (solid) + % Ha(gas) < MHq(solid) + AH (1)

The relationship between pressure, temperature and the
heat of hydride formation is given by the Van't Hoff
equation
P AH A
In<—> _AH _AS @
Pref RT R
where AH is the enthalpy, AS the entropy of hydride
formation and Py is a reference pressure taken to be

1 bar. The thermodynamic properties are approximately
independent of temperature over awide range[9] and the
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Figure 3. Desorption and adsorption isotherms for the LaNis-H
system at 300 K.

formation of hydride from metal and hydrogen occurs at
nearly constant pressure. This constant pressure region
of the metal-hydrogen phase diagram is referred to
as the plateau. In actuality, the plateau is not entirely
flat. However, operating the present cycle in the plateau
region of figure 3 will result in anearly constant pressure
ratio across the turbine. A representative isotherm of the
LaNis—H system is shown in figure 3. LaNis has been
extensively studied and used as a hydridable alloy [10].
Advantages of LaNis include its small plateau slope and
favorabl e pressure-temperature characteristics.

2. PRESENT CYCLE

Figure 4 shows a flow diagram of a simple hydride
cogeneration cycle. It is based on those of Terry and
Schoeppel [3] and Powell et a. [4] without multiple
expansion stages or reheat stages, respectively. The cycle
produces both electrical work (process 3-4) and either
useful heat (process 1-2) or useful cold (process4-5) and
is driven by heat input to the hydride beds (marked A,
B and C). The cycle communicates with three thermal
reservoirs, which are at temperatures Tsource; Tambient
and Tgece. These are the temperatures of the driving
heat source, the environment and the heated or cooled
space, respectively. Table | lists the processes which
occur during the course of one complete cycle, figure 4
is a flow diagram for the present cycle and figure 5
shows each state point of the present cyclein a pressure—
composition—temperature (PCT) diagram.

A fixed quantity of hydrogen modeled as an ideal gas
is the working fluid. This hydrogen starts out in solid
hydride form in one bed at state 0. It is a Tsource and
pressure as calculated by equation (2). Its composition
is such as to place it at the rightmost boundary of the
plateau region (refer to figure 1). Hydrogen gas is now

Tlow
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Figure 4. Flow diagram for hydride cogeneration cycle.
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TABLE |
Hydride cogeneration cycle processes.
Process Description
0-1 isothermal desorption
1-2 isobaric cooling (space heating)
2-3 isobaric (regenerative) cooling
34 isentropic expansion (power output)
45 isobaric heating (space cooling)
56 isobaric (regenerative) heating
6-7 isothermal absorption
7-0 isosteric heating
1-6 isosteric cooling

InP (kPa)
oLk 0 4 M W & o o

6 8 AT (K-1)

C (mol H/mol LaNis)

Figure 5. PCT surface for hydride cogeneration cycle.

driven from the bed by the addition of heat from the
high temperature source until the bed has crossed to the
leftmost (low concentration) boundary of the plateau.

Theliberated gasis now cooled, first by rejecting heat
to the environment (or heated space) — which brings it
to state 2— and then by passing through the regenerative
heat exchanger where it is cooled below ambient tem-
perature before being expanded through the turbine to
state 4. The expansion processis assumed to beisentropic
and cools the gas below the temperature of the cooled
space (or environment). The principal difference between
the systems of Terry and Schoeppel and of Powell et al. is
that theformer utilizesaheat exchanger to precool the ex-
pansion gas while the latter assumes a long transmission
line over which the gas | oses heat to the environment.

Now, at low pressure and low temperature, the gas
accepts heat from the cooled space and passes through the
regenerator where it is heated by the other gas stream to
the environmental or intermediate temperature (state 6).
A second bed is at low concentration and at ambient
temperature. Its pressure under these conditionsis lower
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than the turbine outlet pressure. This pressure gradient
drives the absorption of gas into the bed; the heat of
absorptionis rejected to ambient in order to maintain the
bed at constant temperature and pressure.

The final stage of the cycle involves isolation of
the absorbed and desorbed beds whereupon the newly
charged bed is heated from Tampient t0 Tsource (7-0) and
the depleted bed is cooled from Tsoyrce tO Tambient (1-6).
Meanwhile, the third (charged) bed isdesorbed at Tspyrce-
The cycleis now complete. This aternating cycle of des-
orption, absorption and heating experienced by each of
the beds allows for continuous (quasi-steady) operation
of the system.

The following analysisillustrates the operation of this
cycle in cooling mode. The heating mode is analogous,
with Tepace in that case referring to the temperature of the
reservoir communicating with heat exchanger 1-2 and
Tambient referring to the temperature of the reservoir com-
municating with heat exchanger 4-5. All other processes
areidentical.

3. FIRST AND SECOND LAW ANALYSIS

Each cycle processis analyzed using classical thermo-
dynamicsassuming constant propertiesat each state point
over time. Thus, thetotal mass of hydrogen defined by the
width of the plateau (in moles of Hy) passesthrough each
state of the cycle in succession. The energy balances for
each process are given below starting with theisothermal
desorption (0-1):

Q0-1=mH(AHges+ ho,1 — u0,1) ©)
Q1-2=mn(hz — h1) 4
W34 =mp(h3 — ha) ®)
Q4-5=mp(hs — ha) (6)
Q6-7=mu(AHads — he 7 + ue,7) (7
Q7-0 = mhydcp,hyd(To — T7) (8)

01-6=mmcpm(Te — T1) + muy min(ue —u1) (9)
The entropy balances for each process are now given:

Qo-1

00-1 = mH(ASdes) — (10)

source
2

o1-2 =mH(s2 — 51) — Ql, (11)
Tambient

03-4 =mH(s4 — 53) (12)

04-5=mH(s5 — 54) — Q45 (13)
Tspace
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6-7
06-7 = mH(ASads) — g (14
Tambient
To 07-0
07-0 = MhydCp,hyd |n(77> -7 (15)
source
Ts
01-6 = MmCp,m In(ﬁ) ~+ mH min(s6 — 51)
Q16 (16)
Tambient

Irreversibilitiesare cal culated using equations of theform
ii—j = 0i—j Tambient (17)

The temperatures at states 6 and 7 are constrained by the
regenerator heat balance

ho —h3=hg— hs (18)

The following three performance parameters[11] will
be used in the discussion which isto follow. The fuel use
efficiency for the cycleis given by

g — Wa-al +[Qasl (19)
|Q7-0l + | Qo-1l
the power-to-heat (or cooling) ratio is given by
[W3_4]|
Fp-h = ———— 20
P Q4| (20

and the second law efficiency of the cycleis given by

,— |W3—4| 4 | Q4-5(1 — Tambient/ Tspace) |
[(Q7-0+ Q0-1)(1 — Tambient/ Tsource)|

Note that equations (3), (7), (10) and (14) may be used
together to determine the maximum possible absorption
reservoir temperature and the minimum permissible des-
orption reservoir temperature by constraining the respec-
tive entropy generation terms to be non-negative. This
is an important limitation on operating conditions as it
places bounds on the heat source and ambient tempera-
tures the cycle may communicate with.

(21)

4. FINITE-TIME THERMODYNAMIC
ANALYSIS

Classical thermodynamics predicts reversible cycles
to have the best performance in terms of energetic
and exergetic efficiency. A finite-time thermodynamic
approach is now used in order to estimate the rates

of useful work and heat generated in the cogeneration
cycle. Finite-time thermodynamics has been used to
model real cycle performance since 1975 [14]. Any
real cycle that generates power or heat transfer at a
finite rate must be irreversible since the cycle must
communicate with reservoirs across a finite temperature
difference. Reversible processes occur infinitely slowly
and, therefore, generate no power or hesat rate.

The time required to realize a heat transfer of magni-
tude Q is given by

t= Q
UAAT

where U is the overall heat transfer coefficient between
the heat transfer surface and the reservoir and AT
is the magnitude of the finite temperature difference
between them. The operation of the cycle is quasi-
steady; all processes except for the isosteric heating and
cooling occur simultaneoudly [12]. The absorption and
desorption processes determine the flow rate of gas in
the system. Times for absorption and desorption are
caculated as

(22)

(23)

AHxygs— h
t67:abs<mH( ads 6,7+ue,7)>

(UA)e—7(Tp,7 — Tambient)

and

AH ho1—
t0_1=abs<mH( des + 10,1 uo,l)) (24)

(UA)o-1(Tsource — To-1)
respectively. The isosteric heating and cooling times are
calculated as
(mhyde,hyd IN((Tsource — 77) / (Tsource — TO)))
t7_o=abs
(UA)7-0

(25)

and

6= abs((mmcp,m + mH,minCv,H(Ta/g))

In((Te — Tambient)/ (T1 — Tambient))) (26)
(UA)1-6
respectively. The cycle time is the sum of the largest of

the absorption and desorption processes and the largest
of the isosteric heating and cooling processes:

feycle = MaX(f6—7, fo—1) + MaX(t7—0, 11-6) (27)

Gruen et a. [13] note that the cycle time is “ determined
primarily by the time needed for absorption which in
turn is strongly dependent on the heat transfer from the
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cooling fluid to the absorbing metal powder”. The power
and useful cold generated by the cycle then become

iy = Yoa (28)
Ieycle
and
_ 045 (29)
Ieycle
respectively.

5. POWER AND EFFICIENCY DIAGRAMS

The effect of design parameters on cycle performance
can be determined by expressing equations (28) and (29)
(as well as the equivalent of equation (29) for heating
mode operation) in terms of AT, which was considered
to be the same for both the absorption and desorption
processes in order to have an unambiguous expression
for the cycle time. The transformed equations become

W3 4= (30)
R(Tambient + AT) — AHggs
Q4 .= UAcponAT (Tspace — (Tspace — AT) exXp(D))
B R(Tambient + AT) — AHggs
(31)
and
Ql_z _ UACphAT(Tspace - Tmurce"' AT) (32)
R(Tambient + AT) — AHags
with
D= AHys y —1  (Tsource — 2AT — Tambient) (33)
R ¥ (Tsource — AT) (Tambient + AT)

introduced for increased readability. Note that the ideal
gas specific heat has been assumed constant in order to
simplify this part of the analysis. With the additiona
transformation of equations (3)—(6) and (8) to

QO—lzmh(AHd(s'F R(Tsource — AT)) (34)
Q1-2 = mncph(Tspace — Tsource + AT) (35)
W3_4 = mncph(Tspace — AT)(]- - exp(D)) (36)

Q4-5= thph(Tspa:e — (Tspace — AT) exp(D)) (37)
and

Q7 0= mhyde,hyd(Tsource — 2AT — Tambient) (38)

equations (19) and (21) can then be recast in terms of
AT or, equivaently, desorption temperature since the
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Figure 6. Cooling mode performance as a function of desorp-
tion temperature.
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Figure 7. Heating mode performance as a function of desorp-
tion temperature.

TABLE Il
System parameters used to construct power and efficiency
diagrams.

Mass of aloy 1kg LaNis
Heat source temperature 413K
Ambient temperature (heating mode) 281K
Ambient temperature (cooling mode) 298 K
Cooled space temperature 281K
Heated space temperature 298 K

Overall heat transfer coefficient 1.0kw-m—2.K-1

two differ only by a constant. Figures 6 and 7 illustrate
the effects of desorption temperature (which implies the
effect of cycle time at constant U A) on power, heat or
cold rate and both fuel-use and second law efficiencies.
Relevant system parameters used to construct figures 6
and 7 arelisted in table I1.
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The presence of maxima in the power and heat rate
curves are a consequence of the following phenomenon
as described by Curzon and Ahlborn [14]. In the absence
of atemperature difference between a heat reservoir and
the working fluid, the process of transferring heat would
take an infinite amount of time and, hence, produce no
power. Conversely, if the process occurs at an infinitely
fast rate the temperature of the working fluid will not
change and, again, no power will be produced. At some
place in between these extremes exists a temperature
difference which will result in the maximum rate of
energy transfer for the given process.

Figures 6 and 7 show a maximum in the power curve
for both heating and cooling modes, a maximum cool-
ing rate and minimum heating rate (by convention, heat
out of the cycle is taken to have a negative sign). The
power and heat or cold rate approaches zero as the des-
orption temperature approaches the heat source tempera-
ture (AT — 0), asexpected. However, the power also ap-
proaches zero as the desorption temperature approaches
the absorption temperature; thisis the situation on the far
left hand side of each figure. At thispoint, the pressurera-
tio acrossthe turbineis solely afunction of the difference
between pressures at the high and low concentration ends
of the plateau. Since the plateau is quite flat for LaNis
this pressure difference is minima and, hence, amost
no power is produced. Decreases in desorption temper-
ature below the absorption temperature are not meaning-
ful physically. Nonetheless, even with a negligible power
output at this point the gas can accept or reject heat, giv-
ing rise to the non-zero cold and heat rates evident in fig-
ures 6 and 7, respectively.

6. SYSTEM COMPARISONS

The power and heat rates and the first and second law
efficiencies of the present cycle will now be compared
to HY CSOS and the system developed by Bomin Solar.
The HYCSOS system used pairs of LaNis and CaNis
beds [13, 15, 16]. The Bomin Solar system was made
using Mg doped with a small amount of Ni in order to
eliminate the hazard of pyrophoricity [6, 17].

Tables |11 and IV provide comparableinformation for
theHY CSOS and Bomin Solar systems, respectively. The
HY CSOS system is described as being operable in one
of three modes. heating, refrigeration and energy con-
version [13]. The energy conversion mode is described
as being suitable when both power and space heating are
desired. However, listed efficiencies are based on the data
given for power generation only. The data presented for

TABLE 11l
Design and operational parameters for HYCSOS in energy
conversion mode (power) and refrigeration mode.

Mass of aloy 13.6 kg LaNis
Heat source temperature 413K
Ambient temperature 298 K (power)
313K (refrigeration)
Cooled space temperature 281K
Cycletime 4 min
Power generated 0.06 kW-kg~1 aloy
Useful cold rate 0.30 kW-kg~1 aloy
First law efficiency 0.165 (power)
Second law efficiency 0.60 (power)
TABLE IV
Design and operational parameters for Bomin Solar
system.
Mass of aloy 20 kg Mg
Heat source temperature 753K
Heat sink temperature 333K
Heated space temperature 353K
Cycletime 120 min
Power generated 0.05 kW-kg~1 aloy
Useful heat rate 0.30 kW-kg~1 aloy
Fuel-use efficiency 0.11
Second law efficiency 0.543

the Bomin Solar system is for generation of power and
useful heat, but Groll et a. [17] claim the system can
generate useful cold as well as heat and power simulta-
neously. The value of the heat sink temperature used was
that of the Stirling engine cooling water.

The thermal efficiency of the present cycle in heating
mode based solely on its power output would be 0.13,
dightly lower than the HY CSOS value. The second law
efficiency calculated on this basis for the present cycle
would be 0.24, significantly lessthan the HY CSOS value.
The power generated by the present cycle per kg of alloy
is nearly twice that of the HY CSOS system, however.

One additional comment on HY CSOS is that the sec-
ond law analysis presented here does indicate that lower
absorption temperatures will result in greater efficiency
as noted by Gruen et al. [5]. However, those authors also
indicate that to provide space heating in addition to power
the absorption process could be operated at a higher tem-
perature, say 323 K. This method of providing heating
will introduce large external irreversibilities into the cy-
clewhich may be reduced by using aheat exchanger with
asmaler AT.
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The Bomin Solar system, if operated at an ambient
temperature of 298 K, is substantially less efficient (from
either afirst or second law perspective) than the present
cycle and generates less power per kg of aloy. However,
the Bomin Solar system generates more than four times
as much useful heat as the present cycle.

7. CONCLUSIONS

A first and second law analysis has been presented for
a heat-driven metal hydride cogeneration cycle. Second
law analysis places bounds on the temperatures of the
heat source and sink reservoirs the cycle may commu-
nicate with. In addition, a finite-time analysis provides
expressions for the power and heat rates of the cycle in
terms of design and operating parameters.

The foregoing analysis assumed no pressure drops in
the heat exchangers, idea gas behavior, spatia unifor-
mity of temperature and pressure in the hydride beds and
heat transfer as the rate-limiting step for ab/desorption.
Nevertheless, practical lessons may be drawn from this
idealized analysis. The constraints on operating tempera-
tures suggested by first and second law analysis are help-
ful in selecting both appropriate applications and hydrid-
able alloys for those applications. For all cycles consid-
ered the qualitative benefits of one over the other in terms
of first or second law efficiency (expected based on the
present analysis) must be weighed against the difference
in cost between their respective components, including
the hydridable aloy chosen. The maxima in power and
heat/cold rates suggested by the finite-time analysis can
also be used as qualitative considerations in designing
hardware since they may be used to estimate required
coolant mass flow rates and heat exchanger areas for a
proposed application.

Within the limitations of thisanalysisthe present cycle
offers superior levels of power generation and first law
efficiency, while the HY CSOS system will offer superior
second law efficiencies. The HY CSOS and Bomin Solar
systems appear equally best suited for space heating and
cooling. Hydride power and heat transforming cycles
have been proposed for morethan 25 yearsas alternatives
to conventional fossil fuel systems. Recently it has
been proposed [6] that small-scale hydride systems may
be competitive in “regions without a public grid” or
“rural small communities’. A cost analysis performed
on the HY CSOS system developed at Argonne National
Laboratory [16] did not indicate that significant economic
advantages existed at that time. Future work will revisit
that question.
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